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Method of manu&Gtiirmg a device witii a ooagaetic layer-stnxcture 



The mveatioii relates to a method of manufacturing a device with a magnetic 
layer- stnicture, the method comprising the steps of: 
" forming Ifae magnetic layer-structure, 

- heating the magnetic layer-structure with an electrical current 

5 

WO 00/02006 discloses a method of setting the magnetization direction of a 
biasing layer in a magnetic multilayer of a magnetic sensing device. The biasing layer is part 
of an artificial antiferromagnetic (AAF) system consisting of at least one biasing layer, at 

10 least one flux conducting layer and at least one connecting layer that is arranged between said 
layers and connects Ihem antifeiromagnetically. In the method, a current is applied across the 
sensing device in order to heat the sensing device, e.g. the temperature is raised above the 
blocking temperature of the biasing layer. During the heating, a magnetic field is applied in 
the magnetization direction of the biasing layCT to be set. After a predetermined time period, 

IS the magnetic field is switched off. Then the temperature is brought back to the initial 
tenq[ieratnre and the magnetization direction of the biasing layer is firoz^ 

It is a problem that heat genoated by tiie electrical current applied across the 
magnetic sensing device is heating the environment and spreads over a large distance. A 
device being present in the neighborhood of the magnetic sensing device is disturbed, and, 

20 especially in the presence of an applied magnetic field, Ifae output characteristic of that 
neighboring device can be altered. 



It is an object of the invention to obtain a method of manu&cturing a device of 
25 Ifae type motioned in tiie opening paragnqph, in which method Ifae heat is substantially 
localized inside the magnetic layer-structure. 

The object according to the invention is achieved in that the electrical current 
is a pulse having a duration during vAdda. no substantial heat transfer from the layer- structure 



PHNL030681EPP 



2 11.06.2003 
to the enviionment of the layer-structure takes place, whereby the temperature of said 
environment before and after the current pulse is substantially the same. 

The magnetic layer-structure is subjected to Ihe electrical current ]mlse. The 
duration of the current pulse is shorter than the time scale on which substantial heat transfer 
to the environment of the layCT-structure can take place. The environment of die layer- 
structure can be e.g. a substrate on which the layer-structure is provided, air, an electrically 
insulating layer, or a neighboring device. Because of the short duration of the current jmlse 
no thermal equilibrium between the layer-structure and the environment of the layer-structure 
can occur. The heat associated with the current pulse is therefore substantially dissipated 
inside the layer-structure. After the pulse is terminated, the heat is rapidly distributed over the 
environment of the layer structure, leading to only a moderate temperature increase of the 
environment. 

It is a major advantage fbst electrical or magnetic characteristics of the 
magnetic layer structure of the device can be changed selectively without altering the 
temperature in the vicinity, e.g. without disturbing a neigjiboring electronic or magnetic 
device. 

WO 00/79298 discloses a method of manufecturing a sensing system of a 
magnetic characteristic. The'sysfem includes a set of magndic devices in a balancing 
configuration, e.g! in a Wheatstone bridge configuration, and rasCTitiaUy each of said devices 
comprises a structure of layers including at least a fimst ferromagnetic layer and a second 
ferromagnetic layer with at least a separation layer of a nonrmagnetic material therein 
between, said structure having at least a magneto resistance efifect. The method comprises the 
step of heating part of the system including at least one of the devices of said set while 
flying an external magnetic field over at least part of said system, the part including said at 
least one device. The heating can be achieved by applying a current pulse, a laser pulse ot a 
pulse fix>m an electron beam or ion beam on or through the device. 

A disadvantage of the known method is that there is still a lar^ spreading of 
heat over a rather large distance: the temperature is raised over at least the total dimensions of 
one of the devices of the system. Because the device is rather large (of the order of (several 
100 pm) ^) and a ten^erature is achieved over the entire dimensions of the device, no 
localized heating within one device can be achieved. By heating the at least one device, the 
enviionment of the device is heated as well. Because of the raise in temperature of the 
environment, the magnetoresistance output characteristic of a neighboring device of the 
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system is altered when applying an eJdemal magnetic fidd. With flie known method it is 
therefore impossible to achieve localized heating inside a magnetic layer-stack. 

Heat Hansfer fixm tiie magnetic 1^-stnicture to die environment is 
dominated by heat conduction. The magnetic layer-slructare usually comprises a stack of 
metal layers bemg provided on a substrate. The heat capacity of the stack of metal layers is 
generally of the same order of magnitude as the soUd state material of the substrate, v^e the 
heat capachy of gases sudi as air is significanfly smaller. When the magnetic layer-structure 
is subjected to an electrical current pulse, a heat front moves very rq>idly towards the 
substrate. Because of fl>e relatively large volume of the substrate compared to that of the 
niaguetic 1^-structure, tiie heat generated in the layer structure is rapidly distributed over 
the entire volume of the substrate. TypicaUy. once the heat is distributed in a volume having 
twice the vohmie of flie layer structure, die teiiq)erature will have dropped by a fector of 2. 

Therefore, the temperature of the substrate after flie current pulse remains 
substantially flie same as the temperature before the currrat pulse. 

In an advantageoiis method die electrical cunent pulse is used to select a 
physical process in flie layer-structure. Such a physical process can be: diffiision (of atoms), 
the change of conq)osition at interfeces. a change in resistance, tbe change of strengtii or 
direction of pau: ordering (easy axis orientation), die change of magnetization direction, the 
change of structure or phase (amorphous/crystalline/crystalline orientation), die (diange of 
stress and strain, or changing die conceokation of a dopant near the suifiice (or near an 
inter&ce). 

The transition of a physical process from a certam state to anotiier certain state 
is dependent on the presence of (an) energy barrier(8)betweendiese states. Such an energy 
barrier is also referred to as activation energy. The time constant for such a transition is 
dependent on die ratio between the energy barrier height(s) and the total thennal energy of 
die consideredprocess. GeneraUy. this time constant t can be repressed as an Aniicnius-likB 
equation such as e.g. 

T= lb . exp(Ebairiet/kT) 

in which To is a certain fixed time constant for die type of process considered (e.g. it can be 
equal to die reversed attempt frequency), Eb«ri« is an energy barrier and kl is die total 
thermal energy of die considered process. The time constant x is ttierefore dependent on die 
temperature T. In die case of a short heating pulse, die achieved temperature T is dependent 
on ^e duration of die heating (pulse time) and die intensity of die heating (pulse anqiHtudeX 
making tCQ ^ x (Jit^Ap^y) where tp is die pulse time and A,^ is die pulse ampUtiide. ' 
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The populatian or ocoiqjation of Ihe states is dependent on how long the process is aUowed to 
overcome the energy barrier(s). Tbo population is dependent on the ratio hetween the allowed 
time t and the time constant x of the physical process. The time-dependent population is 
typically described hy a Poisson-distribution such as Gxp{-t/x) or cxpi-t/x (T(tpnbe,Apabe))). 
5 Because the temperature after die pulse drops rapidly, t is about equal to tp„ise. 

Within one stadc of magnetic multilayers it is therefore possible to select a 
physical process in a certain magnetic layer by using the right pulse time and pulse 
amplitude, if the intrinsic material parameters xo and/or Ebaoier differ sufficiently from the 
intrinsic material parameters of another layer of the multilayer stack. 
10 In an advantageous method the selectivity between processes can be enhanced 

hy using a shorter pulse time and a higher anipUtude of the current pulse. 

A sequence of different pulses can advantageously be appUed to select 
difflerentplqrsical processes. The heat c^adtance and the volume of the layer-stack and the 
environment (sudi as a substrate) have to be taken into account when choosing the pulse 
15 duration and an^Utude to guarantee fliat there is no substantial heat ttansfo from die lay^ 

structure to its oivironmenL 

In an advantageous embodiment, the device can be a magnetoresistive device 
used e.g. as a magnetic sraising device for automotive appUca&ODS, magnetic recording, 
smarix»rds, bio-sensors, 3D compasses e.g. used in mobile phones or as a magnetic memory 
20 device such as an MRAM in a data storage system. 

The magnetic liqrer-structare can comprise at least one e.g. anti-ferromagnetic 
biasing layer. The biasing layer can be part of an artificial antiferroniagnet (AA^ 

layer-structure. 

In an advantageous mefliod for setting tiie magn6ti2ation direction of the 
25 biasing layer, a magnetic field is ^Ued during tiie short pulse which magnetic field is 
switched ofTafterthe temperature of fliebiasmg layer is below flie N6el temperature. The 
N6el ten^jeratuie is tiie critical temperature above which magnetic ordering vanishes in 
antiferromagnets (AF). As tiie critical temperature is poached from below, flie sublattice 
magnetization drops continuously to zero. It is important to switch off tiie magnetic field 
30 after the biasing layer has cooled down to below tiie N6el temperature where flie magnetic 
moments witiiin tiie grains of tiie AF layer are ordered. Preferably flie magnetic field is 
switched offbelow tiie Blocking tenqierature. The Blocking temperature is generally lower 
tiian ttie N6el ten^jerature and is defined as tiie temperature whereby tiie average 
magnetization of tiie aisemble of all grains is substantially zero. Since tiie rotation of tiie 
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magnetization is also a physical process involving (an) energy bamer(s), it is clear that tiie 
Woddng tempeatate is dependent on ihe time scale within it is measured. The blocking 
tempecature increases wbsn tbs considered time scale decreases. 

The device can he used in the manu&cture of a magnetic system having 

several magnetoresistive devices. The magnetic system can he a magnetic sensing system or 
a storage system comprising many magnetoresistive devices. 

Preferably, at least fijur magnetoresistive devices are formed and arranged in a 
Wheatstone bridge configuration. The o^put characteristic of magnetoresistive devices in a 
^eatstone bridge configuration is less sensitive to temperature effects than the 
magnetoresistance characteristic of a separate magnetoresistive device. 

When tiie magnetoresistance effect is based on tiie GMR or the TMR effect, 
Ihe magnetization of two of the at least four magnetoresistive devices is set in opposite 
directions in order to obtain a maximum sensitivity for a ma^etic field to be measured. A 
similar process can be used for tiie AMR effect Preferably in tiie metiiod a single deposition 
of a magnetic layer-stack is appUed for flie different magnetoresistive devices in tiie 
Wheatstone bridge configuration. In a first step tiie magnetization directions of tiie biasing 
layers is set during deposition in an adequate magnetic field. The biasmg layers have a 
magnetization direction fliat corresponds to tiie direction of said extemal magnetic field, 
which is preferably irreversible at moderate temperatures in an 6>ctemal magnetic field of 
about 10-100 kA/m. 

Subsequaifly two of the four magnetoresistive devices in the Wheatstone 
bridge are subjected to a (very) short current pulse. Due to tiiis current pulse, the selected two 
magnetoresistive devices heat iqi to a certain temperature. If flie temperature is high enough, 
the biasing direction can be changed if simultaneously a strong magnetic field is iqjplied. 
During cooling in tiie presence of flie field, tiie magnetization direction is 'fiozen in* m tiie 
antiferromagnetic materiaL It is also possible fliat tiie first step (ie. tiie growfli in magnetic 
field) is omitted. In tiiat case, by reversing tiie magnetic field and sending a current pulse 
tinough tiie oflier two bridge devices, tiie biasing direction in tiie latter two dements is 
reversed, hi fliis w^ a fiill functionmg Wheatstone bridge configuration can be obtained. 
Variations in magnetization directions (as may e.g. occur during deposition) give rise to 
ofifeet varfation in a Wheatstone bridge and can be avoided to a large extraid in tiiis way. 

In order to compensate fiir ofiset in the output characteristic of 
magnetoresistive devices in a Wheatstone bridge it is very advantageous to use a current 
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pulse. The cuirent pulse can be used to Irim the resistence value of a single magnetoresistive 
device. 

The resistance of eadi magaetoresiBtive device in tiie Wheatstone bridge can 
be changed selectively, witiiout disturbing ttie other magnetoresistive devices. The use of a 
current pulse to tune a resistance is in particular usefcl, because special trimming resistances, 
which are usuaUy necessary for trimming purposes, can be omitted. Another major advantage 
is that the ofeet compensation can be appUed after packaging of a magnetoresistive device. 
Changes in resistance values during the padcagmg process can be compensated afterwards. 

The result is a reduced offset 

The current pulse can ino-ease the resistance value of a magn^resistive 
device because of intermixing of layers of the layer-structure. It is also possible to decrease 
the resistance value because of annealing out defects ftom the magnetoresistive layer- 
structure. The resistance value therefore can be changed ureversiW into a Wgher or lo^ 

value. - . , 

15 In an advantageous embodiment of a Wheatstone bridge configuration, the 

xnagnetoresistive elements of the bridge having the same biasing direction are grouped 
together eg. in a meander very close to each other, while the other pair of magn^resistive 
elements, which get the opposite biasing direction, are grouped together very close to each 
other in a meander structure at a certain distance from the other grouped pair. An advantage 
20 isthattheheatingduetothecurrentpulseisahnostidenticalinthemeanderingelements 

positioned very close to each other. The currentpulse can be ^pUedatthe same time by 
using die same conlactpads. This configuration can also advantageously be used for 
measuring gradients in magnetic fidds or t«nq)erature gradients, or e.g. as a flowmeter. 

These and other featares and advantages of the present invention wiU become 
25 apparent from the following detailed description, taken in coiy unction with the 

acconqmnying drawings, which illustrate, byway of example, the principles of flie invention. 
This description is given fcr the sake of exanqple only, without limiting the scope of the 
invention. The reference figs, quoted below refer to the attached drawings. 



Brief description of the drawings 

Fig. 1 shows a schematic cross-section throng a magnetic layrar-struotmre. 
Fig. 2 shows tiie resistance of the magnetic multilayer stack as a fbnction c 

teixxperatare. 
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Fig. 3 shows schematically the method of applying a short cuneiit pulse in 
combination with a magnetic field fer setting the biasing direction. 

Fig. 4 shows tiie magnetoresistance curve after annealing in a reversed 
magnetic field with current pulses having a difEerent duration: a) Starting situation, b) after a 
5 currmt pulse of 2 sec, and c) after a current pulse of 140 ms using the same starting position 
as in a). 

Fig. 5 shows the resistance change after current annealing during 40 ms with 
current pulses having different amplitude. 

Fig. 6 shows a schematic energy diagram with two populations ni(T,t) and n2 
10 (T,t) and their respective energy barriers AEi and AEi. 

Fig. 7 illustrates schematically different physical processes witii different 
energy barrio at the same temperature that can be selected by choosing electrical current 
pulses with varying pulse duration and amplitude. The y-axis is in arbitrary units. 

Fig. 8 iUustrates that a certain pulse time and amplitude can be used to 
IS separate two differotit processes with different energy barriers. The y-axis is in arbitrary 
units. 

Fig. 9 shows a schematic cross-section through a magnetic multilayer 
structure, comprising a first exchange biasing layer and a second exchange biasing layer. 

Fig. 10 shows the behavior of a) the exchange-biasing strength and b) the 
20 direction over a wide range of pulse times, and c) Exchange biasing strength for different 
temperatures. 

Fig. 1 1 shows tlie relative exchange biasing field of IrMh and PtNfn 
(measuring time per point approxinoiately 20 minutes) Solid line: measured. Dotted Une: 
calculated 

25 Fig. 1 2 shows a schematic of a Wheatstone bridge. 

Fig. 13 shows: 

a) Wheatstone bridge devices consisting of GMR strqpes. The arrows indicate 
the desired magnetization direction of the devices. Black arrows show the magnetization 
direction of the exchange biasing layer after deposition and the dashed arrows show the 

30 magnetization direction of the exchange biasing layer after the current pulse anneal process. 

b) Ou^ut characteristics of the two half bridges of a single deposition sensor 
after deposition (open symbols) and after current anneal process (filled symbols), where the 
devices were heated by a short current pulse (100 ms, 100 mA) and an external field was 
used to reset the biasing direction. 
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Fig. 14 shows an oulpat characteristic of a single dq)osition GMR sensor 
optimized for rotational speed sensing, b) Comparison between the offset drift of GMR and 
AMR sensors. Data used for fits are 3 (\iY/V)/K. for AMR and 1 (iiV/V)/K for GMR sensors. 

Fig. 1 5 shows a Wheatstone bridge configuration in which current pulse 
anneahng is applied to reduce the offeet voltage. 

Fig. 1 6 shows a Wheatstone bridge configuration with meander shaped 
magnetoresistive devices. 

Fig. 17 shows an embodiment of an inventive Wheatstone bridge 
configuration in which the magnetoresistive devices having the same biasing direction are 
grouped together and the magnetoresistive devices having the opposite biasing dhection are 
arranged at a certain distance and are also grouped together. 

In the method of manufacturing a device 1 with a magnetic layer-structure 2, a 
short current xmlse 3 is applied near or through the layer-structure. 

Fig. 1 showsainagneticmultilayerstructure2 that is made by sputter 
deposition. The GMR multilayer stack is deposited on a substrate 21 (e.g. glass, a 
semiconductor material like Si provided with a silicon oxide layer, or a ceramic material, 
suchas AliOa). Abufifer layer to modify the crystaUographic texture or grain size of the 
subsequent layer(s), if needed, is provided on the substrate. The buffer layer may conqprise a 
first sublayer 22 of Ta (e.g. 3.5 nm thick) and a second sublayer 23 of NiFe (e.g. 2 nm thick). 
On Ihe buffer layer, an frMn exchange biasmg layer 24 (e.g. of 10 nm L:i9Mn8i) is deposited. 
On top of the biasing layer an arliScial antiferromagnetic (AAF) stack is provided which 
comprises a first Co9oFeio layer 25 (e.g. 4.5 nm thick), a Ru layer 26 (e.g. 0.8 nm iWck) and a 
second CojMjFeio layra- 27 (e.g. 4.0 nm thick). On tihe AAF stack a non-magnetic spacer layer 
28 is deposited. The spacer layer 28 can be a Cu-type material. By Cu-type is meant Cu (e.g. 
2.2 nm thick Cu) or an alloy of Cu with a Anther metal, in particular Ag. On top of the spacer 
layer a layer 29 of Co9oFeio (e.g. 1 .2 nm thick) is provided which carries a NisoFcao layer 30 
(e.g. 9 nm thick). A protective layer 3 1 (e.g. of 10 nm Ta) covers the layer system. 

The exchange biasing material 6 (frMn) is hereinafter referred to as AFi. The 
sequence of layers 4.5 CoFe/ 0.8 Ru/ 4.0 CoFe is refenred to as the Artificial Anti-Ferro 
magnet (AAF). The Co9oFeio layer 29 and the NigoFeao layer 30 are together hereinafter 
referred to as the free layer. 
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The magnetic layer structure mentioned above (3.5 Ta/2.0 NiFe/10.0 IrMn/4.5 
CoFe/0.8 Ru/4.0 CoFe/2.2 Cu/1.2 CoFe/9.0 NiFe/10.0 Ta) can also be reversed. 

Alternatively, a suitable TMR multilayer stack can be: 5.0 Ta/30.0 Cu/3.5 
Ta^.O or 3.0 NiFe/10.0 lfMQ/4.0 CoFe/0.8 Al, oxidized/5.0 NiFe/10.0 Ta. 
5 In an advantageous embodiment of the method, a short current pulse 3 is 

applied through the GMR multilayer structure of Fig. 1. This is done by applying a short 
voltage pulse across the magnetic multilayer stack, thereby inducing a current pulse. By 
applymg a voltage pulse with a certain duration and ampUtude, the magnetic multilayer stack 
is heated This is called ^current pulse amealing'. The duration and amplitude of the current 
10 pulse corresponds to a certain temperature inside the multilayer stack Some electrical 

conductance of the stack or in the inmo^ediate neighborhood of the stack is necessary to apply 
the method. 

In the TMR stack mentioned above, the current pulse can not be sent through 

the layer- structure, it would damage the oxide. In that case the current pulse can be sent 
15 tbrou^ an electrical conductor which is positioned near the TMR stack. The electrical 

conductor track can for instance be positioned on the substrate and can be separated fix>m the 

layer stack by a thin silicon oxide layer. 

Experimentally it has been shown that a very short pulse of about 100-250 ns 

in an electrostatic discharge (BSD) event with a voltage of around lOOOV does not 
20 signifilcantiy change the resistance value R of the MR multilayer stack, does not change the 

magnetoresistance effect AR/R and heats the device above the blocking ten^ecature 

(approximately 290 ^C). 

Apulse duration of 40 ms and a voltage of 160 V results in a temperature of 

around the blocking temperature of 10 nm thick IrMn, around 290 ^C. 
25 Fig. 2 shows tihe calculated square resistance of the multilayer stack as a 

function of tenqiecature. To explain the curve sh^e in Fig. 2, some inoqportant material 

parameters of the multilayer stack ace listed in Table 1. 



PHNL030681EPP 



10 



11.06^003 



Table 1 . Resistivity at 20 "C and ten^eratore coefficient of various GMR stadc materials. 



Material 


Resistivity [ cm] 


Temp, coefficient [ppro/K] 


Ta 


190 


-510 


Cu 


9.2 


1070 


Ra 


36.6 


1400 


LMn 


237 


-3000 (20-80 "C) 


CoFe 


36.0 


1650 


NiFe 


26.0 


1960 



Table 1 sommarizes the resistivities and the temperature coefficients of the 
5 various materials. The temperature coefficients have been measured for reasonably thick 
layers of 10 nm. The resistivity is dependent on the thickness of the fihn such that the 
resistivity inCTeases wifli decreasing film ttiickness, especially for film tiiicknesses below 10 
nm. decreasing fihn thickness scattering efiects at the inter&ces become more 
miportant which result m a higjher resistance. The total tiiickness of the GMR muWlayer 
10 stack is usually larger tiban 40 nm. 

In Table 1 it is assumed tiiat the resistivities are independent of the layer 

tiiickness. 

Most materials show a constant temperature coefficient; except fiir LMn 
which shows a non-lmear behavior. Between 20 and 80 °C the temperature coefficient is - 
15 3000 ppm/IC, but at Mgihertranperatures the temperature coeffidemt decreases. 

hi this sped&c eihbodmient no substantial heat trans^ &om the multilayer 
structure to the environment of tiie multilayer structme todc place Mvbsa the electrical curr^ 
pulse had a duration of less tiian 100 ms and the anqilitude of the voltage pulse was around 
160 V. The temperature of the substrate before and after tiie current pulse yms substantially 
20 the same. No mfluence on the ou^ut characteristic of neighboring magnetoresistive devices 
is observed. 

Application of the method in the manufecturing of devices is many-fbld: 
magnetic sensing systems for e.g. automotive applications, magnetic recording, bio-sensors, 
3D compasses, in mobile phones, in data storage systems such as MRAM, ICs, magnetic 
25 stacks, electric stacks and so on. 

The current anneal process uses current pulses in the time scale of hundreds of 
milU-seconds or faster to set the magnetization direction 9 of the biasing layer 5 in tiie 
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multilayer stack. The exact process is depictsed in Fig. 3. At time ti < I3 a strong magnetic 
field is applied in the desired direction (dotted line) . At ta a current pulse 3 is applied to the 
magnetic lajrer structure that is high enough to heat the device above its blocking temperature 
(solid line). At ta the current is switched off. The duration of the current pulse should be in 
5 the hundreds of milli-second range or faster (t3-t2< 100 ms.). The current pulse heats the 
biasing layer 5 above the blocking temperature and the magnetization direction 9 of the 
biasing layer is (re) set in the direction of the applied magnetic field. The temperature is 
indicated as a dashed line. It is very important that the magnetic field is still present while the 
magnetic multilayer structure cools down. At time t4 the magnetic field can be switched ofiF. 

10 The duration of the current pulse plays an important role in this process. In 

Fig. 4a the magnetoresistance curves of two neighboring devices is shown (curve 1 and 2). 
The distance between the devices is 300 jun. Fig. 4b shows the output curves of the two 
device after the biasing direction of only one device (curve 1) has been deliberately revved 
by a current pulse of 2 seconds in the presence of a reversed field. It is apparent that the 

1 5 biasing direction of the other devices has been rotated as well. In Fig. 4c the biasing direction 
of the one device (curve 1) has been deliberately reversed by a voltage pulse of 140 ms. By 
using a very short current pulse it is possible to reverse the magnetization direction of the 
individual devices without effecting the biasing direction of its neighbors (curve 2 is not 
altered). This pulsing technique still works even when tte devices are only 100 |im apart. The 

20 distance between neighboring devices can be reduced fiirther if even fester current pulses are 
used. 

The resistivity of a material or of a multi-layer stack of materials like the one 
which is used in a GMR sensor, changes when the stack is heated. The change in resistivity is 
partially reversible and partially irreversible. 
25 The irreversible change in resistivity can be negative, meaning that the 

resistance decreases. E.g. this is typically caused due to the annealing of de&cts in the 
material. Defects are trying centers for conduction electrons and will affect the resistivity 
of a material. 

The irreversible change can also be positive, meaning that the resistance 
30 increases. Such an efifect is normally caused by diffusion effects which cause intermixing of 
materials. Depending on the temperature the resistance changes can be small or large, 
meaning that the resistance can be changed permanently by using a suitable temperature. 

Fig. 5 shows the change in resistance of the GMR multilayer stack of Fig. 1 as 
a fimction of the height of the voltage pulse applied across the resistor. In this case the pulse 
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time is 40 msec. At 160 V pulse height rotation of the biasing layer is complete, indicating 
that the temperature is close to the blocking temperature of the exchange biasing material, 
KMn, which is approximately 290 ®C as determined by VSM using normal measuring times. 
By increasing the pulse height, the cuireat through the resistor becomes higher and flie 
temperature of the resistor increases. The increased temperature enhances the effect of 
interdifiBision. At 200 V the resistance has increased by ahnost 2%. 

In the previous example, two processes evolve in the device: magnetization 
rotation and diffusion. For other applications it is necessary to separate such processes by 
making use of the difference in their activation energies. This will be illustrated in the 
following. Fig. 6 schematically illustrates the total energy as a function of the magnetization 
direction in the AF material for a configuration containing a ferromagnetic (FM) material in 
contact with an antiferromagnetic material AF. The AF material is assumed to be 
polycrystalline containing isolated grains. Suppose that without an applied field, the 
magnetization in the AF and the FM layer is in the same direction and that the magnetization 
direction in the AF grain is along the anisotropy aris of the grain. I.e. the magnetization is in 
an energy tniniTnnnri with a population of magnetic moments ni(T,t). Now, if a strong 
magnetic field is ^lied in the opposite direction, the magnetic moments in the FM layor 
will respond to the field and will orient in the direction of the field. Simultaneously, these 
magnetic moments will try to reverse the magnetic moments in the AF grain via the exdiange 
biasing coupling. Since the magnetic moments in the AF grain were already in an energy 
they will not immediately rotate towards the opposite direction. Although the 
opposite direction is an energy Tninimiiin again, both energy minima ate separated by an 
energy barrier ABi which can not be overcome by the magnetic moments unless there is 
sufQcient thermal energy added. Therefore, the ratio between the thermal energy feT and the 
energy barrier AEi is important for the switching behavior of the magnetization in the AF 
grain and the overall magnetization direction will be a function of temperature. Due to the 
statistical behavior of the th^mal fluctuations, it will be a matter of time and temperature 
whether the magnetic moments will pass the energy barrier. Therefore the overall 
magnetization dkection will also be a fimction of time and temperature. By using the current 
pulse aimeal technique, time and temperature can be controlled in order to achieve the 
desired magnetization direction. 

Fig. 7 illustrates schematically different physical processes with different 
energy barriers at constant temperature. Selection between processes is obtained by choosing 
electrical current pulses with varying pulse duration and amplitude. 
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The vertical axis of llie different curves represents different properties such as 
e.g. angle, resistance, crystalline state. Position and curve shape are dependent on tbe 
material and the temperature used. 

(Local) Processes Ifaat take place during the above described selective current 
5 pulse anneal treatment can be: difiiision (of atoms), the change of composition at inter&ces, 
the change of strength or direction of pair ordering (easy axis orientation), the change of 
magnetization direction, the change of structure or phase (amorphous/crystalline/crystalline 
orientation), the change of stress and strain, the change of the concentration of a dopant near 
the surface (or near an interface). 



10 Examples of the schematic curves in Fig. 7 are: 

1. Rotation of magnetization (e.g. AF material 1) 

2. Rotation of magnetization (e.g. AF material 2) 

3. Property due to small atom-displacement (e.g. rotation of easy axis) 

4. Property due to large atom-displacement (e.g. resistance) 

15 5. Phase change transition (e.g. amorphous-crystalline material 1) 

6. Phase change transition (e.g. amorphons-ciystalline material 2) 

7. Transition fiom isolation state to (semi)conduction state (e.g. due to dopants or 



material change) 

The rotation of the magnetization direction can occur very fast because in 

20 general no atom displacements are involved in this process. 

The relaxation of tiie anisotropy of MFe (Permalloy) films involves 
reorientation of atom pairs because pair ordening is the major source of anisotropy in 
Permalloy films. Because this involves small atom displacements, it is in general a slower 
process than the rotation of a magnetization. Pair reorientation is directly related to the 

25 vacancy ccmcentcation. The time for these processes to take place is approximated by t — Tq 
eicp Ea/I^T. The activation energy for pair ordening in the fi:ee layer is bigger (Ea^ 13 eV) 
than the activation energy for changing the magnetization direction in the pinned layer (1 
eV), and the Tofleo i^er « 2.10"^^ min, whereas Topiimediayer « 4.10"^® min. (literature: "Thermal 
relaxation of the fi»e layer anisotropy in spin valves'*, L.Baril, D.Mauri, XMcCord, S.Gider 

30 and T.Lin, J.AppUhysics, Vol.89, No.2, 15 Januaiy 2001, p. 1320-1 324). 

Based on tiiese values, the anisotropy axis is rotated almost completely during 
600 nsec at a temperature T=800 K For comparison, at room temperature T=300K, this takes 
2.5 years. 
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Rotation of the magnetization is one of Hie fiistest processes and can already 
occur at very short pulse durations in the ns range, whereas diffusion processes are slower 
processes. For the phase change of most materials, e.g. from an amorphous to a crjrstalline 
phase, more power is needed and the pulse duration is for that reason usually much larger 
although there are exceptions such as phase-change materials for CD recording. 

Fig. 8 illustrates that time can be used to separate two different effects, hi this 
case a pulse time is chosen which hardly affects the resistance (curve 4) while completely 
changing the direction of magnetization in AF material 1 (curve 1). 

The vertical axis of the different curves again represents different properties 
such as e.g. angle, resistance, crystalline state. 

As an example. Fig. 9 shows a multilayer structure comprising two exchange 
biasing matmals 5, 7 with different Blocking tenqjeratures to which the method of selective 
curreat pulse annealing can be applied advantageously. By choosing a proper time and 
amplitude for the current heating pulse, one exchange biasing layer in the stack can be 
selectively altered. 

In the embodiment of Fig. 9 the multilayer structure comprises tibe GMR stack 
3.5 nm Ta/ 2.0 imi NiFe/ 10.0 nm IrMn/ 4.5 nm CoFe/ 0.8 nm Ru/ 4.0 nm CoFe/ 3.0 nm Cu/ 
1.2 nm CoFe/ 9.0 nm NiFe with an additional stack 32,33,34: x nm Ta/ 4.0 nm CoFe/ 10.0 
nm X-Mn/ 10.0 nm Ta The first exchange biasmg layer 5 (AFi) in this case is IrMn, the 
second exchange biasing layer 7 (AF2) is X-iAn in which X is for example Pt or Ni. 

The behavior of Ifae exchange-biasing strength mid direction are shown in Fig. 
10a and 10b over a wide range of pulse times. 

The temperature of the device has been fixed at 375 ^C and the c^plied 
magnetic field is set in the opposite direction of the initial biasing direction. Due to the 
influence of time and temperature, the biasing direction changes firom 0** to 180°. Fig. 10a 
shows the normalized exchange biasing strength as a Amotion of pulse time for both the LMn 
(solid line) and PtMn (dashed line) AF material. The dip in the curve indicates the pulse time 
at which the magnetization changes direction. Fig. 10b shows the exchange biasing direction. 
It can be seen that at a pulse time of longer larger than 1 sac tiie exchange biasing field 9 in 
the IrMn (solid line) can be changed almost completely (i.e. direction as well as strength) 
while the exchange biasing field 10 of tiie TUMn (dashed line) is hardly affected. So, by 
choosing a proper time and temperature for the heating pulse, one exchange biasing layer in 
Ifae stack can be selectively altered. 

In the example the selection is based on the following physical principle: 
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An exchange biasing film is characterized by its so-called Blocking 
tempecatore, Tb. If the tranperature of the film exceeds tiie Blocking temperature, the 
direction of the magnetization in the AF material can be easily changed in the direction of the 
applied field, (for clarity the magnetization dnection in the AF material is changed via the 
5 magnetization direction in the &m)-magnetic layer which is exchange-coupled to the AF 
material). By making use of two different exchange biasing materials with substantially 
different blocking temperatures (Tb,i and Tb^), the magnetization direction of one material 
can be changed when it is heated (to above its blocking temperature Tb,i) in the presence of a 
field while simultaneously the other material is unaffected at the same temperature (below its 
10 blocking temperature Tb^) and magnetic field. In this way, within one element two different 
exchange biasing directions can be realized independently. 

In Fig. 10c the exchange biasing strength is shown for different temperatures. 
This fig. clearly shows that another advantage of using short pulse times is that 
the selectivity between the two jirocesses can be enhanced by using shorter pulse times and 
15 higher amplitudes (tmiperatures) of the current pulse. 

The Blocking temperatures for IrMn and PtMn have been measured by means 
of VSM measurements. The results are given in Fig. 1 1 . The fig. sho\«^ the exchange biasing 
field on the vertical axis as a function of temperature. It can be clearly seen that IrMn (solid 
line) and PtMn (dashed line) have different blocking temperatures with PtMn having the 
20 larger blocking temperature. The dotted Imes in the fig. are results from a calculation i;^ch 
simulates the behavior of the AF material assuming a realistic log-normal grain^artide-size 
distribution in the AF lajrars. The N6el-temperature and the anisotropy ccmstant of the AF 
material have been extracted fixnn the measured data. 

With the aid of a sequence of short and ultra-short (current and eventually 
25 laser) pulses of various duration and amplitude (or one short or ultra-short current pulse of 
specific duration and anqilitude), different processes in a stack and processes in stacks at 
different positions can be influenced selectively. It is possible to optimize characteristics of 
the stack in this way that can not be optimized in any other way. Magnetic and/or electric 
fields, mechanical stress, gas flow and so on can be applied during the •current pulse anneal' 
30 treatment 

The current pulse method can be used advantageously to manufacture 
magnetic devices such as in a sensing system 1 1 of magnetic properties. Magnetic sensors are 
widely used for all kinds of qyplications especially in the automotive industry. Sensors can be 
based on the AMR (Anisotropic Magneto Resistance) effect, for application in ABS i^stems 
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and for rotational speed measurement in automotive applications. There is an ongoing 
interest in more sensitive sensors, using e.g. GMR (Giant Magneto Resistance), OMR witii 
NOL (Nano-Oxide Layers) or even TMR (Tunnel Magneto Resistance). Typical 
requirements for such sensors include high temperature stability for prolonged operation at 
higher temperatures (lypically 200 °C), low offset- voltage, low oflfeet-voltage drift, low noise 
and low hysteresis. 

Most magnetic sensors are based on a Wheatstone bridge configuration 16, 
consisting of four resistors 12,13,14,15 made out of magnetic material connected to each 
other by four temiinals (see Fig. 11). The magnetic material normally consists of AMR, 
GMR or TMR material. The four terminals provide input and output to the bridge. 
Wheatstone bridges are normally used because of their temperature independent behavior, at 
least the temperature dependent characteristics of the sensor are greatiy reduced by the use of 
such a configuration. The bridge is connected to a Voltage source or Current source by means 
of two terminals (e.g. terminals A and D in Fig. 1 1). 

In an advantageous embodiment, the magnetic device is a GMR sensor for 
rotational speed sensing. The sensor layout is a full Wheatstone bridge configuration with an 
active area of less than 0.3 man^. It consists of a spin valve with an exchange biasing 
Artificial AntiFenomagnet (AAF) as described in Fig. 1. This structure is stable up to fields 
of at least 200 kA/m and can withstand operation temperatures exceeding 170** C which 
makes it suitable for automotive applications. 

All devices are deposited using a single deposition process. The magnetization 
directions of two device of the bridge have to be rotated by 180** in order to obtain flie 
maximum oulput from the GMR sensor (see Fig. 13a). The Wheatstone bridge devices 
consist of GMR stripes. The arrows 9, 10 indicate the desired magnetiation direction of tiie 
devices. Black arrows 9 show tiie magnetization direction after deposition and the dashed 
arrows 10 show the desired magnetization direction of two bridge devices. The magnetization 
directions 10 of the two bridge devices can be achieved via tiie current pulse anneal process 
where individual devices 13,14 are annealed above the blocking tenqperature and a strong 
magnetic field is used to set the magnetization direction of the device. This process can be 
performed without influencing the magnetization direction of neighboring devices. This 
factor becomes even more cracial considering the small distance between the devices of 
around SO |4m. 

Fig. 1 3b shows the results of a current pulse anneal process applied to a single 
deposition sensor. The individual devices were heated by a short current pulse (100 ms, 100 
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mA) and an external field of 2500 Oe was used to set the biasing diiection of the half bridge. 
The output curves represent tibie individual half-bridges of the sensor (e.g. devices with the 
same magnetization direction). After deposition both half bridges show very similar output 
characteristics (open symbols). Using the current pulse anneal process the magnetization 
5 dkections of the half bridges were set in opposite directions (filled symbols). The fact that 
after setting the magnetization direction of the individual half-bridges both half-bridges 
exhibit the same maximum GMR effect and have an opposite characteristic shows that the 
magnetization direction of one half bridge has been rotated without infl^uencing the 
magnetization direction of die neighboring device. 

1 0 The bridge output of an optimized single deposition GMR rotational speed 

sensor is shown in Fig. 14a. The active area of the sensor is about 0.25 mm^. The sensor 
shows a high sensitivity between 10-18 (mV/V)/(kAJm) and hysteresis of less than 0.1 kA/m 
at small fields. At larger fields the sensor output remains constant up to fields of 30 kA/m. 
Measurements of the GMR speed sensor against an active target wheel produced reliable 

IS output signals and an increase in the maximum air gap of more than 20 % compared to 
commonly used AMR sensors. 

This current pulse anneal process can also be used to produce on-chip GMR 
angle s^ors in a single deposition process. This results in a significant reduction in sensor 
size and improvements in the accuracy of the sensor. 

20 The excellent perfomoance of the GMR rotational speed sensor can be 

attributed to the unique combination of high sensitivity, low hysteresis at low fields and 
constant output modulation at large fields. 

When the four resistors in the bridge in Fig. 1 1 all have the same resistance 
value, the ou^t voltage, being the voltage measured between the two terminals which are 

25 not used for bringing power to the Wheatstone bridge (e.g. terminals B and C), is zero at zero 
magnetic field (Happ) applied to the bridge. A zero-output voltage at H8pp=0 is desired &t 
most applications. In this case it is said that the of&et-voltage is zero. Small changes in the 
values of the resistors (e.g. caused by the applied magnetic fielcQ cause the bridge to 
unbalance, giving a non-zero output voltage at non-zero magnetic fields. Therefore, firom 

30 design the Wheatstone bridge is very sensitive to variations in the resistances. However, 

these small resistance variations can also be caused by the production method of tixe magnetic 
sensor. In a production environment, it is practically almost impossible to make the four 
r^istors in such a way that their resistance values are exactiy the same. Because it is already 
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mentioned that the bridge is sensitive to small deviations in resistance, the output voltage will 
be non-zero at Happ=0- This non-zero output-voltage is called tiie of^ of ihe brid^. 

Fig. 14b compares the ofi^et drift of a GMR sensor with a commercially 
available AMR sensor. The offset drift of the single deposition GMR s&xsot is around 1 
5 (pVAO/K and it is approximately a factor of three better than the offset drift of conomonly 
available AMR sensors used for rotational speed sensors. 

In order to correct for this non-zero offset- voltage, a trimming procedure is 
often used after the complete device has been finished on wafer level. Each Wheatstone 
bridge is equipped with two trimmable resistors, each in one diagonal of the bridge. By 
10 means of cutting metal connections with a laser, the value of these trim resistors can be 
changed and finally the output voltage of the bridge at Happ=0 can be trimmed to zero. 
Because the devices have to be accessible to the laser t rimmin g device, this procedure can 
only be applied at wafer level. Once the sensor is packaged, the offeet in output voltage due 
to e.g. thermal processing during packaging, cannot be corrected anymore. 
1 5 The current pulse method can be applied to reduce the o:ffiet-voltage of a 

Wheatstone bridge configuration by means of the 'current pulse annealing' technique. 

The method can replace the laser trimming procedure as is currentiy used 
during the production of AMR sensors, having the advantage of applying it to packaged 
sensors. Because the trimming procedure can be applied as a final treatment at the end of the 
20 packaging line, extra shift in the output voltage that may occur during packaging can also be 
corrected. 

The described trimming method by means of current pulses is based on two 

phenomena. 

The first one is the feet that the resistivity of a material or of a multi-layer 
25 stack of materials like the one vAnch is used in a GMR sensor, changes when the stack is 
heated. The change is partially reversible and partially irreversible. 

The irreversible change in resistivity can be negative, meaning that the 
resistance decreases. E.g. this is typically caused due to the annealing of defects in the 
material. Defects are trapping centers for conduction electrons and will affect the resistivity 
30 of a material. 

The irreversible chan^ can also be positive, meaning ftiat the resistance 
increases. Such an effect is normally caused by diffusion effects which cause intermixing of 
materials. Depending on the temperature the resistance changes can be small or large, 
meaning that the resistance can be changed pennanentiy by using a suitable temperature. 
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The 2 ^ phenomenon is based on the fact that a shift in offset- voUage in a 
Inidge is caused by only a small change in the resistance. £.g. the shift in of&et- voltage 
typically is about 5 mV/V per 1% change in resistance. Since the shift in of&et-voltage in 
practice (due to spreading in the production of these resistors) is between -10 mV/V and +10 
5 mV/V, a variation of only ±2% in one of the resistors is sufficient to compensate tliis shift. 
Such a variation in resistance can easily be achieved by means of heating the resistance. 

Fig. 5 showed the change in resistance of a GMR multilayer stack as a 
function of the height of the voltage pulse ^plied across the resistor. The pulse time was 40 
msec. At 160 V pulse height rotation of the biasing layer is complete, indicating that the 
10 temperature is close to the blocking tenipemture of the exchange biasing material, IrMa, 
which is approximately 290 °C. By increasing the pulse height, the current through the 
resistor becomes higher and the temperature of the resistor increases. The increased 
texnperature enhances the effect of interdi£Bision. At 200 V the resistance has increased by 
almost 2%. 

15 Fig. 1 5 shows two output curves of a complete Wheatstone bridge. The first 

ou^ut curve relates to a bridge where all bridge devices (resistors) have been 'current' 
annealed by pulses with a pulse height of 160 V during 40 ms (dashed line). The second 
output curve (solid line) shows a Wheatstone bridge where the devices on one diagonal have 
been annealed with 160 V pulses during 40 ms while the devices on the other diagonal have 

20 been annealed with 200 V pulses during 40 ms. It is clearly seen that in this case a shift in 

offeet-voltage of about 7-8 mV can be achieved by this current annealing method. Despite the 
efifects of inteidifSision, no changes in the magnetic characteristics of the sensor are 
observed. 

The proposed method of of&et-voltage trimming can be combined with the 
25 above described method of setting the biasing direction by means of current annealing. 

Dependent on the application, the trimming has to take place in a magnetic field or not The 
method eliminates the laser trixmning procedure used in production while simultaneously 
offering a method that improves the final per&imance of the packaged product with respect 
to of&et-voltage. 

30 A problem arises v/hea the heat of a particular device will spread to its 

neighboring devices. 

In that case the du:ection of the pinned layer of the neighbor device might be 
altered too. This problem becomes even worse if the devices of the bridge are meandering 
into each other. A Wheatstone bridge using this layout is shown in Fig. 16. An advantage of 
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such a layout is the reduction in offset voltage drift caused by small changes in layer fOm 
thickness and properties. Furfhennore it reduces the effect of magnetic field gradients. The 
different line pattems (solid and dashed) indicate the diiferent directions for the pinned layer. 
In order to solve this problem, in an advantageous embodiment the 

5 Wheatstone bridge is arranged in a slightly different way so that the two meanders with equal 
properties (i.e. having the same pinned layer direction) are grouped together as sketched in 
Fig. 17. In this way bridge devices with the same properties are grouped together while 
bridge devices with different properties (i.e. opposite pimied layer directions) are separated 
j&om each other. The heating of sensor devices with equal properties in the new layout (Fig. 

10 17) is less likely to influence the sensor devices with different properties than in the original 
layout (Fig. 16). 
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CLAIMS: 



1. Method of manu&ctuiing a device (1) with a magnetic layer-stmctuie, 

Ifae method comprising the steps of: 

. - fomiing the magnetic layer-structure (2), 
- heatmg the magnetic layer-stnicture with an electrical cun:^^ . 
5 chaxacterized in that the electrical current is a pulse (3) having a duration during which no 
substantial heat transfer from the layer-structure (2) to ifae environment (4) of the layer- 
structuie takes place, whereby the tenoperature of said environment before and after the 
cuiient pulse is substantially the same. 

10 2. Method as claimed in claim 1, characterized in that the heat is tians^ 

means of heat conduction. 



3. Method as claimed in claim 1 or 2, characterized in that the electrical current 
pulse (3) is used to select a physical process in the layer-structure, wherein the duration and 

15 anq;)litude of the pulse are ad^rted to the activation energy of this physical process. 

4. Method as claimed in claim 3, characterized in that the selection of the 
physical process improves by increasing the amplitude of the pulse and decreasing the pulse 
duration. 

20 

5. Method as claimed in claim 1, characterized in that a sequence of current 
pulses is applied without substantial heat transfer from the layer-structure to its environment 

25 6. Method as claimed in claim 1 to 5, characterized in that the device (1) is a 

magnetoresistive device. 



7. Method as claimed in claim 6, characterized in that the device (1) is a sensing 

device. 
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8. Method as claimed in claims 1 to 7, wh^ein fhe magnetic layer-structure (2) 
comprises at least one biasing layer (5), characterized in liiat a magnetic field is i^lied 
during the short pulse which magnetic field is switched off after the temperature of the 

5 biasing layer is below the N6el or Curie temperature. 

9. Method as claimed ia claim 7, wherein the magnetic layer-structure comprises 
a first biasing layer (5) comprises a first antiferromagnetic material (6) with a first blocking 
temperature and a second biasing layer (7) comprises a second different blocking 

10 temperature, characterized in that first the magnetization direction (9) of the material having 
the higher blocking temperature is set and subsequently the magnetization direction (10) is 
set of the material having the lower blocking temperature. 

10. Method as claimed in any of the preceding claims, characterized in that the 
IS duration of the electrical current pulse (3) is shorter than 100 ms. 

1 1 . Method as claimed in claims 8, 9 or 10, wherein the device is used in the 
manufacture of a magnetic sjrstem (11) having several magnetoresistive devices. 

20 12. Method as claimed in claim 11, characterized that at least four 

magnetoresistive devices (12,13,14,15) are formed and arranged in a Wheatstone bridge 
configuration (16). 

13. Method as claimed in claims 1 1 or 12, characterized in that the current pulse is 
25 applied for ofiset compensation by irreversibly changing the resistance of at least one of the 

brid^ devices (12;13;14;15) through local heating. 

14. Wheatstone bridge manufactured as claimed in claims 1 2, characterized in that 
bridge devices (12,15) having the same magnetization directions in the biasing layer are 

30 grouped together while bridge devices (1 3,14) having different magnetization directions are 
grouped together spatially separated fix)m the other group. 

15. Wheatstone bridge as claimed in claim 14, characterized in that the grouped 
bridge devices (12,1 5;1 3, 14) have interleaved meander shapes. 
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ABSTRACT: 



A method of mannfitcturing a device with a magnetic layer-stnictuie is 

disclosed, 

the method conqnising the steps of: 

*- foiming the magnetic layer-structuie (2), 
5 - heating the magnetic layer-stnictiue with an electrical current, 

wherem the electrical current is a pulse (3) having a duration during v^ch no substantial 
heat transfer fiom tiie layer-structure to tihie environment (4) of the layer- structure takes 
place, vtiieieby the ten^erature of said environment before and after the current pulse is 
substantially the same. 

10 Heat is substantially dissipated in the layer-structure. The method therefore 

allows the selection of physical jirocesses in the layer-structure in order to optimize the 
magnetic or electrical characteristic of the magnetoresistive device, without disturbing llie 
environment such as neighboring devices. The method can advantageously be used to set 
different magnetization directions (9, 10) in the biasing layers (5,7) of different 

IS magnetoresistive devices (12,13,14,15) arranged in a Wheatstone bridge configuration (16), 
or to reduce o£&et in the output characteristic of said Wheatstone bridge. 
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Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

(jOvBLACK BORDERS 



□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 
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□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 




BLURRED OR ILLEGIBLE TEXT OR DRAWING 



FADED TEXT OR DRAWING 



